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A convenient small-scale extraction method for lyophilized micro-algae is described that dispenses with
labor-intensive homogenization and is widely applicable to algae from different phyla. The procedure
employs an optimized sequential extraction in trichloroacetic acid (TCA) and NaOH to achieve chemical
lysis. Conditions were tested using several micro-algal strains to develop a method that was generally
applicable. Incubation of lyophilized material in 24% (w/v) TCA at 95 C followed by a hot alkaline treat-
ment was found to be effective for strains that are resistant to conventional extraction approaches, such
as the Chlorella and the Eustigmatophycean species. The single-tube extraction procedure can be com-
plete in 4 h and is conveniently followed by the Lowry assay, requiring a further 30 min. Overall, this
method proved to be generally applicable and ideal either for single samples or for high-throughput
screening of multiple algal strains for protein content.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Factors such as climate change, population growth, diminishing
oil reserves and sustainability issues in the ﬁshing industry have
led to a resurgence of interest in micro-algae as a source of bio-
mass, biofuels, ﬁshmeal replacement and food (Becker, 2007; Day
et al., 2012; Hu et al., 2008; Huntington, 2009; Stephens et al.,
2010). Micro-algal protein in particular, has potential for animal
feed or human consumption, recombinant protein technology
and as a valuable by-product of biofuel production (Becker, 2007;
Potvin and Zhang, 2010; Williams and Laurens, 2010). Marine: +44 1631 559001.
(S.P. Slocombe), mikeyross@
N. Thomas), Sharon.Mcneill@
M.S. Stanley).
Y-NC-ND license.strains could avoid conﬂicts with agriculture for freshwater sup-
plies, e.g. Nannochloropsis, used both in ﬁsh-farm aqua-feed and
large scale biofuel production (Day et al., 2012; Radakovits et al.,
2012; Rodolﬁ et al., 2003).
Despite this potential, issues exist with the ease at which algal
proteins can be extracted from some strains, such as Chlorella, due
to their resilient cell walls (Doucha and Lívansky´, 2008). In order to
evaluate protein levels in novel strains and micro-algal collections,
a rapid but generally applicable extraction procedure was needed.
Lyophilized biomass was preferred as the starting material to avoid
inaccuracies associated with measuring FW (fresh weight) in mi-
cro-algae due to liquid carry-over. Additionally, most other con-
comitant extraction procedures require dry biomass such as
rapid direct-derivatization for fatty acid yield, or Dubois for carbo-
hydrates (Carrapiso and García, 2000; Dubois et al., 1956).
Techniques that can be used to measure protein content rapidly
in lyophilized material include Dumas-based combustive methods
52 S.P. Slocombe et al. / Bioresource Technology 129 (2013) 51–57of elemental analysis and Kjeldahl to measure N-content (Fowden,
1954; Kjeldahl, 1883; Rebolloso-Fuentes et al., 2001). Protein can
also be estimated from total amino acids by HPLC after hydrolysis
of the dried material (Brown, 1991; Volkman et al., 1993). Never-
theless, in practice these approaches can lead to an overestimation
due to a lack of speciﬁcity towards protein (Barbarino and Lour-
enço, 2005). Micro-algae often contain substantial levels of free
amino acids and other N-organic compounds such as chlorophyll
(Brown, 1991; López et al., 2010).
Dye-based procedures such as Bradford and Lowry largely over-
come these problems and are more appropriate when applied to a
wide variety of strains such as high-throughput screening proce-
dures (Bradford, 1976; Lowry et al., 1951). Extraction procedures
that incorporate TCA precipitation of protein can also remove
TCA-soluble factors that may interfere with estimation (Clayton
et al., 1988). Nevertheless, micro-algal extraction procedures for
dye-based protein assays generally require prior extraction of pro-
tein by homogenization, which can add to processing time (Berges
et al., 1993; Clayton et al., 1988; Conover, 1975; Rausch, 1981).
Since lyophilized material is generally harder to extract protein
from, most methods tend to start with fresh material (Walker,
2002). Recent procedures have been described for lyophilized mi-
cro-algae but also require labor intensive disruption steps either
by pestle and mortar with inert ceramic particles (López et al.,
2010) or use of the Potter’s homogenizer (Barbarino and Lourenço,
2005). Furthermore, some commonly studied strains such as Chlo-
rella or members of Eustigmatophyceae (e.g. Nannochloropsis) can
present general extraction difﬁculties possibly due to small cell-
size or resilient cell walls (Chiu et al., 2009; Doucha and Lívansky´,
2008). These difﬁculties could be compounded when extracting
dried material from these strains and this requires investigation.
In some reported procedures, it was evident that extraction at
high temperature in alkaline solution (2 N NaOH at 95 C; Pruvost
et al., 2011) or hot-TCA (Price, 1965) could achieve chemical lysis
without the need for homogenization but this was only shown
for fresh material and with a limited number of strains. The meth-
od of Price (1965) employed very brief incubation in hot-TCA (6%,
w/v) followed by extraction of the TCA pellet in 0.1 N NaOH (55 C).
This relatively mild treatment was sufﬁcient for Euglena gracilis
which is fragile and easy to extract protein from (Price, 1965)
but not for other micro-algae (Rausch, 1981). Both steps were pro-
longed by Conover (1975) to extract from the diatom Thalassiosira
ﬂuviatilis but a homogenization step was also included. Conditions
for extraction solely with alkaline solution were investigated by
Rausch (1981), where short incubations at 80–100 C, with concen-
trations up to 0.5 N NaOH were found to be optimal and could
avoid losses by hydrolysis. It was concluded that this method gave
higher yields than the TCA-based methods. Nevertheless, it was
apparent from this earlier literature that the sequential hot-TCA-
and alkaline solution extraction steps described in the original
Price procedure could be developed into a widely applicable proce-Table 1
Micro-algal strains used in this work.
Class Genus Species CCAP No. O
Is
Chlorophyceae Dunaliella primolecta 11/34a G
Prasinophyceae Tetraselmis sp. 66/60 K
Trebouxiophyceae Chlorella ovalis 211/21A B
spaerckii 211/29A B
Eustigmatophyceae Monodopsis subterraneae 848/1 L
Nannochloropsis oculata 849/1a D
Rhodophyceae Rhodella violaceae 1388/6 E
a Type culture.dure for lyophilized material but this has never been investigated
so far (Conover, 1975; Price, 1965; Rausch, 1981).
Therefore the aim of this study was to develop a rapid, small-
scale and relatively simple protein extraction method suitable for
single samples or high-throughput applications such as micro-al-
gal screening. As such the desired method needed to be compliable
over a broad taxonomical group and capable of dealing with lyoph-
ilized material. Furthermore, the treatment needed to be harsh en-
ough to break down the strongest cell walls without
homogenization but without compromising dye reactions through
excessive degradation of the protein, once it had been released.
2. Methods
2.1. Micro-algal strains and culture
The seven species of micro-algae analyzed are listed in Table 1.
All micro-algal species used were obtained from the Culture Col-
lection of Algae and Protozoa (CCAP, UK). Starter cultures of
100 mL were incubated under a 12 h/12 h L/D (Light/Dark) regime
at 50–80 lE/m2/sec at 20 C for 7–10 d, without shaking (Innova
44, New Brunswick Scientiﬁc, Edison, NJ). Sub-samples from this
were then inoculated into triplicate 500 mL aerated ﬂasks contain-
ing 400 mL F/2 media using artiﬁcial seawater at 33.5 g/L (Instant
Ocean, Aquarium Systems, France) (Guillard and Ryther, 1962).
Each ﬂask was exposed to 150 lE/m2/s light for 16 h/8 h L/D, at
20 C throughout, in a controlled environment room, except for
Rhodella violaceae which was exposed to 50 lE/m2/s light. Once
the cultures reached stationary phase, they were harvested by cen-
trifugation at 4000g for 15 min (Sigma 4K15 centrifuge, Bucking-
hamshire, UK). The harvested cells were then ﬂash-frozen in
liquid nitrogen, and freeze-dried for 3 d (ALPHA 1-2 LD plus freeze
dryer, Christ, Osterode, Germany). The freeze-dried algae biomass
was then transferred to individual glass vials, with a Teﬂon-lined
stopper, and stored in the dark, under nitrogen gas at 80 C.
2.2. Protein extraction
The small-scale method developed for protein extraction of mi-
cro-algal dry-weight (DW) was based on that used by Price (1965)
with extensive modiﬁcations (Fig. 1). For each micro-algal species;
5 mg (±10%) of freeze-dried micro-algae material was weighed out.
Three separate extractions were carried out for each experimental
condition to determine variation in yield. Samples were resus-
pended by vortexing in either 250 lL 6% (w/v) TCA or 200 lL
24% (w/v) TCA. Homogenates were incubated in a water bath at
either 65 C or 95 C, for 15 min, in screw-capped micro-centrifuge
tubes and allowed to cool to RT. The samples containing 24% (w/v)
TCA were diluted to 6% (w/v) with the addition of 600 lL ultra-
pure water. The homogenates were centrifuged at 15,000g for
20 min at 4 C (Microcentrifuge 5415 R, Eppendorf AG, Hamburg,rigin
olator (date) Location
ross (1936) Marine; off Plymouth, Devon, England, UK
eller (1982) Marine; Oyster Pond, Falmouth, Massachusetts, USA
utcher (1953) Brackish; River Crouch, Althorne, Essex, England, UK
utcher Marine; shellﬁsh tanks, Conwy, Wales, UK
ewin (1949) Freshwater; rock surface, river at Marion, Connecticut, USA
roop (1953) Marine; Skate Point, Isle of Cumbrae, Scotland, UK
ggert (2004) Slightly brackish; Öland Island, Baltic Sea, Sweden
Fig. 1. A step-wise diagram of the optimal hot-TCA method for micro-algal protein
extraction as proposed in this study.
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resuspended in 0.5 mL Lowry Reagent D (see Section 2.3) by re-
peated pipetting or vortexing and incubated over a series of
time-points (10 min to 22 h) at 55 C. Samples were then cooled
to RT, spun at 15,000g for 20 min RT and the supernatant retained;
samples could be frozen at 20 C for further analysis.2.3. Protein quantiﬁcation
Protein quantiﬁcation followed the method of Lowry et al.
(1951) as modiﬁed by Price (1965). A stock of Lowry Reagent D
was made up daily in a 48:1:1 ratio of Lowry Reagents A (2% (w/
v) Na2CO3 (anhydrous) in 0.1 N NaOH); B (1% (w/v) NaK Tartrate
tetrahydrate) and C (0.5% (w/v) CuSO4.5H2O in H2O), respectively.
Reagents A, B, and C can be stored at RT. The Lowry assay also em-
ploys Folin-Ciocalteu phenol reagent (Sigma). A stock of a 1:1 ratio
of 2 N Folin-Ciocalteu phenol regent: ultra-pure water was made
daily. An appropriate volume (up to 50 lL) of the above protein ex-
tract was added to individual 1.5 mL microfuge tubes in triplicate,
followed by 950 lL of Lowry Reagent D followed by immediate
mixing (by inversion). Samples were then incubated for 10 min
at RT. Next, 0.1 mL of the diluted Folin-Ciocalteu phenol reagent
was added to each tube and vortexed immediately. After 30 min
at RT, the absorbance of each sample was read at 600 nm (Nicolet
Evolution 300 spectrophotometer, Thermo Electron Corporation,
Madison, WI) using VisionPro™ software (Thermo Electron Corpo-
ration) (Findlay, 1990; Walker, 2002). Calibration curves were pre-pared for each assay with a bovine serum albumin (BSA) stock
solution (200 mg/mL; Sigma P5369) and using a polynomial line
of best ﬁt generated in Microsoft Excel 2010.
2.4. Total organic nitrogen and carbon determination
Total organic carbon and nitrogen was also determined (ANCA-
GSL 20-20 stable isotope analyzer, PDZ Europa, Sercon Ltd., Crewe,
UK). Freeze-dried samples over the range 2–10 mg micro-algal DW
biomass were combusted in pre-weighed aluminum capsules with
helium as a carrier gas. The instrument was calibrated with L-iso-
leucine standards (Sigma) ranging from 5–200 lg N and 33–
1320 lg C, delta calibrated N-7.89, C-12.18. Nitrogen to protein
conversion ratios were determined as described by López et al.
(2010).
2.5. Statistical analysis
Experimental error was determined for triplicate assays and ex-
pressed as standard deviation (SD). The signiﬁcance of differences
in the protein yield for micro-algal species subjected to varying
TCA treatments and alkaline solution incubation was determined
by t-test (n = 3). For comparison of total N-content and Lowry pro-
tein data, the Pearson correlation coefﬁcient was determined using
Minitab Statistical Software version 15.0.3. Results and discussion
In order to develop a rapid small-scale protein quantiﬁcation
method for lyophilized micro-algal material, a method based on
hot-TCA extraction was chosen as a starting point (Price, 1965).
The original method harvested fresh algal material by ﬁltration
(E. gracilis) and extracted without homogenization in 6% (w/v)
hot-TCA (temperature unspeciﬁed) for 1 min. This was followed
by centrifugation and incubation of the precipitated material with
Lowry Reagent D (which contains 0.1 N NaOH, Section 2.3) at 55 C
for 3 min. Extracted protein could then be conveniently measured
with a modiﬁed-Lowry assay, as described (Price, 1965).
For the method developed here, harvesting of cells by centrifu-
gation of cells was carried out in place of ﬁltration to avoid poten-
tial losses due to adsorption, highlighted by Rausch (1981). This
also avoided the possible need to homogenize the ﬁlter and re-
duced handling time. Both the hot-TCA incubation and alkaline
solution pellet-resuspension steps were considered to be impor-
tant in determining yields in this procedure. It was also anticipated
that extraction efﬁciency would vary according to species-speciﬁc
factors. Therefore these two steps were evaluated in detail with se-
ven micro-algal strains that covered a broad taxonomical range
(Eustigmatophyceae, Chlorophyceae, Prasinophyceae, Trebouxio-
phyceae and Rhodophyceae) and were able to grow in variety of
saline conditions (Table 1). The resultant optimized extraction pro-
cedure is shown as a diagram in Fig. 1.
3.1. Optimizing hot-TCA extraction
To deﬁne optimal conditions for extraction of proteins from
lyophilized micro-algal material in hot-TCA, incubation tempera-
ture and TCA concentration were investigated in a matrix of four
different conditions (Fig. 2). Hot-TCA extraction was tested at the
original TCA concentration of Price (1965) at 6% (w/v) and fourfold
higher at 24% (w/v). In the latter case, the TCA was diluted back to
6% (w/v) prior to centrifugation. It was found that lyophilized
material could be readily resuspended in TCA by vortexing prior
to the incubation steps in all seven strains. Incubation in TCA
was tested at two different temperatures, 65 and 95 C, for 15 min.
Fig. 2. The effect of temperature and TCA concentration on the efﬁciency of hot-TCA
extraction in terms of protein yield (%DW). Seven different micro-algal species were
subjected to four different combinations of hot-TCA conditions: 6% (w/v) TCA at
65 C; 6% (w/v) 95 C; 24% (w/v) 65 C and 24% (w/v) 95 C. Incubation was for
15 min followed by a 2 h solubilization of precipitated protein in Lowry Reagent D
at 55 C. Data are shown for the following micro-algal strains: Dunaliella primolecta
(CCAP 11/34); Tetraselmis sp. (CCAP 66/60); Chlorella ovalis (CCAP 211/21A);
Chlorella spaerckii (CCAP 211/29A); Monodopsis subterranea (CCAP 848/1); Nanno-
chloropsis oculata (CCAP 849/1); Rhodella violaceae (CCAP 1388/6). Data are mean
values of replicate assays, error bars indicate SD.
Fig. 3. The effect of incubation times on solubilization of TCA-pellets in Lowry
Reagent D. Three micro-algal species were subjected to extraction in 24% (w/v) TCA
at 95 C for 15 min followed by increasing incubation periods in Reagent D at 55 C.
The following micro-algal strains were tested: Dunaliella primolecta (CCAP 11/34);
Chlorella spaerckii (CCAP 211/29A) and Monodopsis subterraneae (CCAP 848/1). Data
are mean values of replicate assays, error bars indicate SD.
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tein yield improvement (%DW) for the seven micro-algal strains.
Considerable increases in protein yield were observed for three
of the seven strains either by raising TCA concentration to 24%
(w/v) TCA and/or increasing incubation temperature to 95 C
(Fig. 2). In the case of the Eustigmatophycean micro-algaMonodop-
sis subterraneae, yields were doubled with the most stringent treat-
ment (24% (w/v) TCA at 95 C) relative to all the milder treatments
(P < 0.001). Therefore both higher temperature and TCA concentra-
tion were needed to improve yields with this species. For the mar-
ine Chlorella species Chlorella spaerckii, increasing incubation
temperature alone from 65 to 95 C, at either TCA concentration,
was sufﬁcient to double yield (P < 0.02) relative to the mildest
treatment (6% (w/v) TCA at 65 C). With Dunaliella primolecta, a
Chlorophyceaen micro-alga, incubation in higher concentrations
of TCA (24%, v/v) at either temperature was sufﬁcient to raise
yields by 60–70% (P < 0.001) whereas a rise in temperature alone
increased yield to a lesser degree (34%, P < 0.01). Therefore increas-
ing TCA concentration and incubation temperature enhanced
yields to differing degrees depending on the micro-algal species.
Taken together, the most stringent hot-TCA extraction condi-
tion (24% (w/v) TCA at 95 C) produced substantial improvements
in yield for three out of seven strains compared with milder treat-
ments. This suggested that potentially, this treatment could be
widely applicable across micro-algal taxa.
3.2. Evaluation of alkaline treatment
The next step in the Price (1965) procedure after hot-TCA
extraction was recovery of precipitated protein and other insoluble
material by centrifugation. In the original procedure, this was fol-
lowed by re-solubilization of the centrifugal pellet in the alkaline
Lowry Reagent D (0.1 N NaOH), for 3 min at 55 C. It was noted that
alkaline solutions are often used as protein extraction reagents in
their own right (Section 1). Therefore in some circumstances,
incomplete extraction with hot-TCA might be mitigated during
the pellet-incubation period leading to yield maximization. Pro-
longed incubation times could reduce yield through degradationby hydrolysis, however (Rausch, 1981). In the above analysis of
the hot-TCA conditions (Section 3.1), subsequent incubation of
the TCA pellet in Lowry Reagent D was carried out at 55 C for
2 h. To resolve these issues and optimize the procedure further,
the incubation time period in Lowry Reagent D was investigated
further (Figs. 3 and 4).
In the case of three strains (D. primolecta, C. spaerckii andM. sub-
terraneae), it was previously established that the most stringent
hot-TCA extraction condition (24% (w/v) TCA at 95 C) provided
signiﬁcant improvements (Fig. 2). Therefore this treatment was fol-
lowed by a range of incubation periods from 10 min to overnight
(1320 min) in Lowry Reagent D (Fig. 3). Protein yields forM. subter-
raneae were found to be highly dependent on Lowry Reagent D
incubation time, ranging from 6% to 19% DW. The yield curve,
which tended towards an asymptote, suggested that most of the
protein was resolubilized after the overnight incubation. This
was consistent with further extraction of protein occurring with
prolonged incubation. Nevertheless, sampling at 4 h was not signif-
icantly different (P > 0.05) from overnight incubation in terms of
yield, suggesting 2–4 h as a possible compromise period for practi-
cal purposes. In contrast, length of incubation had no effect in the
case of C. spaerckii and only a minor effect with D. primolecta,
Fig. 4. The effect of incubation time on solubilization of TCA-pellets in Lowry Reagent D at two different prior hot-TCA treatments. Four micro-algal species were subjected to
two different 15 min hot-TCA treatments: (A) 6% (w/v) TCA at 65 C and (B) 24% (w/v) TCA at 95 C. Following TCA precipitation, pellets were exposed to increasing incubation
in Lowry Reagent D. The following micro-algal strains were tested: Tetraselmis sp. (CCAP 66/60); Chlorella ovalis (CCAP 211/21A); Nannochloropsis oculata (CCAP 849/1);
Rhodella violaceae (CCAP 1388/6). Data are mean values of replicate assays, error bars indicate SD.
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P < 0.05, except for 2 h).
A similar analysis of pellet-incubation period was carried out
for the remaining four strains. Here yield was not found to be inﬂu-
enced strongly by the different hot-TCA conditions used in Fig. 2.
Therefore these samples were extracted beforehand with both
the lowest and highest stringency hot-TCA treatments (Fig. 4).
These data show that for Nannochloropsis oculata and to a lesser ex-
tent R. violaceae, increasing incubation time in Lowry Reagent D
from 10 min to 4 h, resulted in progressive yield increases, but only
where the mildest hot-TCA treatment had been applied (Fig. 4A).
This suggested that TCA protein extraction had been incomplete
in the mild conditions, but could be completed with extended
incubation in Lowry Reagent D. It followed that extraction underthe most stringent TCA conditions was probably complete in these
species, given that extended incubation in alkaline solution proved
unnecessary (Fig. 4B).
In the case of Chlorella ovalis and Tetraselmis sp., extended incu-
bations in Lowry Reagent D produced no improvements in yield
(irrespective of hot-TCA pre-treatment stringency) (Fig. 4). In Tet-
raselmis sp., alterations in the hot-TCA extraction conditions or
the pellet incubation time did not have a strong effect on yield
(Fig. 4). In C. ovalis, yields were somewhat higher at 60–70% (10,
20, 60 and 120 min: P < 0.05), where the harshest TCA pre-treat-
ment had been applied. Therefore, yield was dependent on the ini-
tial hot-TCA conditions and could not be improved in the
subsequent alkaline solution step. This was in contrast to the
Eustigmatophyceans M. subterraneae (Fig. 3) and N. oculata
Table 2
Nitrogen content determined by elemental analysis for seven species of marine
micro-algae.
Micro-algal
strain
CCAP No. N-content Protein content N-
conversion
factor
%DW SD %DW SD
Dunaliella
primolecta
11/34 2.29 0.40 12.26 0.53 5.37
Tetraselmis sp. 66/60 1.50 0.16 4.83 0.49 3.23
Chlorella ovalis 211/21A 2.54 0.16 10.97 0.39 4.33
Chlorella
spaerckii
211/29A 1.88 0.18 6.87 0.14 3.66
Monodopsis
subterraneae
848/1 6.14 0.75 16.71 0.16 2.72
Nannochloropsis
oculata
849/1 3.76 0.35 13.00 3.92 3.46
Rhodella
violaceae
1388/6 0.71 0.08 2.12 0.38 3.00
N-content data: mean of replicate assays, standard deviation (SD) indicated. Protein
content data from extraction in 24% (w/v) TCA at 95 C, depicted in Fig. 2. N-con-
version factor: Total N-content by elemental analysis to estimated protein content
by Lowry assay.
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come by extended incubation in Lowry Reagent D.
Overall, yield improvements were obtained by extending Lowry
Reagent D incubation time but this was found to be species-depen-
dent as noted for the hot-TCA conditions. Incubation of TCA-pellet
in Lowry Reagent D beyond 4 h appeared to reduce yields with D.
primolecta (Fig. 3), R. violaceae, N. oculata and C. ovalis (Fig. 4). This
effect was not noted in C. spaerckii, M. subterraneae (Fig. 3) or Tet-
raselmis sp. (Fig. 4).
To summarize, substantial improvements to protein yield could
be obtained by altering: (a) hot-TCA concentration and tempera-
ture and (b) incubation period in Lowry Reagent D. Species-speciﬁc
differences were found in this respect, with the most recalcitrant
strain being M. subterraneae. Nevertheless it was possible to arrive
at an optimal procedure for screening of multiple strains from dif-
ferent micro-algal phyla (Fig. 1). Use of more stringent hot-TCA
extractions (24% (w/v) TCA at 95 C for 15 min) than those
described in Price (1965), substantially increased yields in three
out of seven strains relative to the mildest treatment. This includedTable 3
Published measurements of micro-algal protein content determined for the same micro-a
Class Genus Species Accession
No.
Sampled cultu
conditions
Chlorophyceae Dunaliella tertioloecta CS-175 Late log-phase
– Stationary pha
Prasinophyceae Tetraselmis chui CS-26 Late log-phase
suecica CS-187 Late log-phase
– Log phase
– Stationary pha
CS-187 Continuous (h
CS-187 Continuous (lo
Trebouxiophyceae Chlorella vulgaris – Late log-phase
Eustigmatophyceae Nannochloropsis oculata CS-179 Mid-late log-p
CS-216 Mid-late log-p
CS-179 Late log-phase
salina CS-190 Mid-late log-p
Nannochloropsis
sp.
– Steady-state
CS-246 Mid-late log-p
Standard deviation (SD) or amean% coefﬁcient of variation, indicated as reported. Cult
measurement method indicated, where HPLC refers to sum quantiﬁed amino acid residthe marine C. spaerckii and the Eustigmatophycean strain M. sub-
terraneae which belong to taxa renowned for small cell size and
difﬁculties presented in extraction (Chiu et al., 2009; Doucha and
Lívansky´, 2008). Provided the most stringent hot-TCA extraction
was used, extended TCA-pellet incubation in Lowry Reagent D be-
yond 10–20 min was not required except for one of the seven
strains, M. subterraneae, where extended incubation of 2–4 h was
needed to maximize yield. For four of the other strains under
investigation, incubation beyond 4 h showed indications of yield
reduction, possibly due to hydrolysis occurring in the absence of
further protein extraction. Therefore, a compromise 3 h period
was chosen for incubation in Lowry Reagent D.3.3. Organic nitrogen content
To provide an independent evaluation of the protein extraction
method, total organic nitrogen content was determined for the se-
ven strains by elemental analysis (Table 2). In Table 2, organic
nitrogen content is shown in comparison with the protein content
values obtained using the most stringent hot-TCA extraction (24%
(w/v) TCA at 95 C) and 2 h pellet incubation in Lowry Reagent D
(Fig. 2). A wide range of organic N-content (0.7–6.1% DW) was ob-
tained, with R. violaceae being the lowest andM. subterraneae being
the highest. The data shows a close linear correlation between N-
content and protein content determined by the modiﬁed-Price pro-
cedure (Pearson correlation coefﬁcient r = 0.902, P = 0.005).
The derived N-conversion factors range from 2.7 to 5.4 with a
mean value of 3.68 (SD = 0.90). This value is similar to the total
nitrogen to protein value obtained by similar means (i.e. using
elemental analysis and Lowry) from a previous survey of other
micro-algal species and cyanobacteria (4.44) (López et al., 2010).
N-conversion values are generally found to be lower than the
traditional factor of 6.25 due to the presence of non-protein N-
containing compounds (Lourenço et al., 2004).
Comparison of the data obtained by the modiﬁed-Price proce-
dure (Table 2) with published values for species from the same
genera (Table 3) also supports the reliability of this method. Simi-
lar estimates were obtained to those in the literature, particularly
where the Lowry assay had also been employed and where
conditions were also at stationary phase (or under low N condi-lgal species or genera described in the work.
re Protein
content
Method Standard References
%DW SD
20 2.3a HPLC – Brown (1991)
se 11.4 0.99 Lowry BSA Barbarino and Lourenço
(2005)
31 2.3a HPLC – Brown (1991)
31 2.3a HPLC – Brown (1991)
34.25 – Kjeldahl – Whyte (1987)
se 32.94 – Kjeldahl – Whyte (1987)
igh N) 10–
15
– Lowry BSA D’Souza and Kelly (2000)
w N) 5–7.5 – Lowry BSA D’Souza and Kelly (2000)
24 – Kjeldahl – Fowden (1954)
hase 20.2 – HPLC – Volkman et al. (1993)
hase 22.1 – HPLC – Volkman et al. (1993)
35 2.3a HPLC – Brown (1991)
hase 17.8 – HPLC – Volkman et al. (1993)
28.8 0.63 Kjeldahl – Rebolloso-Fuentes et al.
(2001)
hase 21.2 – HPLC – Volkman et al. (1993)
ure conditions at sample harvest are indicated as described in references. Protein
ues. Conversion factor of 6.25 used with Kjeldahl.
S.P. Slocombe et al. / Bioresource Technology 129 (2013) 51–57 57tions: D’Souza and Kelly, 2000). For instance, Tetraselmis (5 cf. 5–
8%DW) and Dunaliella (12 cf. 11%DW). The estimates were some-
what lower than the published values where Kjeldahl had been
employed, or an estimation of protein content from total amino
acid residues had been made (e.g. Tetraselmis: 5 cf. 31–33%DW;
Nannochloropsis: 13 cf. 18–35%DW; Chlorella: 7–11 cf. 24%DW).
In this case, the latter methods may have over-estimated protein
content due to measurement of free amino acids, that are often
present in substantial amounts in micro-algae (Brown, 1991) along
with other non-protein N-compounds which are also detected by
Kjeldahl (López et al., 2010; Lourenço et al., 2004).
The basis for using estimating protein content from N-content
using a traditional conversion factor of 6.25 assumes that protein
is the only N-source and that N comprises 16% (w/w) of protein
(Barbarino and Lourenço, 2005). Given that amino acids and other
N-containing compounds are present, it is possible to derive cor-
rected conversion factors (as above) but these are strain-speciﬁc
and inﬂuenced by growth conditions such as media N-content
(D’Souza and Kelly, 2000; López et al., 2010; Lourenço et al.,
2004). It is also possible to quantify some N-compounds such as ni-
trate and nucleic acids and subtract these from total N-measure-
ments (Rebolloso-Fuentes et al., 2001). Corrective approaches
such as these add to processing time, therefore dye-based methods
such as Bradford and Lowry are probably more appropriate for
high-throughput screening procedures (Bradford, 1976; Lowry
et al., 1951).
Overall, the modiﬁed-Price method data correlated with N-con-
tent measurements and was similar to other published data using
the Lowry method. This was supportive of complete protein extrac-
tion and measurement using the hot-TCA protocol developed here.4. Conclusion
Measuring protein content in micro-algal material can be ham-
pered by extraction difﬁculties, especially with lyophilized mate-
rial. Often this is overcome by introducing labor-intensive
homogenization steps. The aim was to develop a method with
sequential hot-TCA and alkaline solution extractions that avoided
this and was simpler to carry out. Seven strains were tested,
including those recalcitrant to extraction. An optimized procedure
was arrived at in terms of reagent concentration, temperature and
incubation period. Despite species-speciﬁc differences in extrac-
tion efﬁciency, it proved possible to select a single set of conditions
suitable for all the strains in the survey.
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